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Vacuum-UV chemical physics in the gas phase using synchrotron radiation 
 
Richard P Tuckett     
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Introduction 
Charged particles travelling in a circle at velocities close to the speed of light have the fundamental 
property that they emit continuous electromagnetic radiation, widely called synchrotron radiation (SR).  
Initially discovered in the 1950s by high-energy physicists and regarded as a hindrance, SR is now used 
worldwide by physicists, chemists and biologists for fundamental and applied research.  The physics of 
such sources is well understood.  Briefly, the total energy emitted by a charged particle is proportional to 
z2E4/m4R2, where R is the radius of curvature, and m, z and E are the mass, charge and energy of the 
charged particle, respectively.  In most SR sources the electron is used for the charged particle, because it 
is easy to generate and has a high z/m ratio.  Nearly all the experiments described here use the Daresbury 
SR source, run by the Council of the Central Laboratory of the Research Councils on behalf of the UK 
Government. 
 
In such 'secondary generation' sources, electrons are injected into the storage ring at high energy, 2 GeV 
at Daresbury, where bending magnets maintain their orbit.  The circumference of the Daresbury ring is 
ca. 100 m.  The universal SR is emitted tangentially to the circular motion of the electrons with a small 
horizontal angular divergence, ca. 15 milliradians, and energy-selected photon beams can be used for 
experiments.  A radio-frequency cavity replenishes the energy lost when SR is emitted, and bunches the 
electrons together.  The SR is linearly polarised in the plane of the ring, but becomes circularly polarised 
away from the horizontal plane.  Ultra-high vacuum in the storage ring, ca. 10-10 mbar, minimises the 
scattering of electrons with background gas molecules.  Lifetimes of such sources are typically 8-24 
hours.  The Daresbury source operates in two modes ; (a) multi-bunch mode where 160 electron bunches, 
2 ns between bunches, are stored in the ring providing pseudo-continuous-wave radiation, and (b) single-
bunch mode where only one bunch is in the ring, providing a temporal structure (pulse width ca. 0.2 ns 
and repitition rate ca. 3 MHz) for time-resolved experiments.  
 
Thus SR is a continuous source of electromagnetic radiation covering the infrared through to the hard X-
ray, and monochromators can be used to select the correct spectral region.  The distribution of emitted 
radiation depends primarily on E via the critical wavelength, λc, which is proportional to E−3.  The peak 
of the distribution occurs at 0.42λc.  Thus, lower values of E are needed for higher λ photons, and the best 
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sources for vacuum-UV radiation occur with E < 1 GeV, whereas hard X-ray sources need larger values 
of E, typically > 5 GeV.  Other factors that affect the intensity of the photon beam at the experiment 
include the beam current, the distance between the experiment and the tangent to the electron orbit, and 
the efficiencies of the beamline components.  Insertion devices, such as multi-pole wigglers or multi-
period undulators, produce SR of much greater intensity.  They comprise arrays of magnets of alternating 
polarity where the electrons oscillate periodically, SR is emitted at each 'wiggle', and coherent 
interference leads to amplification.  Undulators provide the majority of beamlines on the latest 'third-
generation' sources such as Diamond, being built by the UK at the Rutherford and Appleton Laboratory 
and scheduled to open in 2007. 
 
For gas-phase experiments in the vacuum-UV, defined broadly as wavelengths 50−200 nm (ca. 6−25 eV), 
the monochromator is a crucial component, and much effort has gone into their design.  At Daresbury, 
until very recently two normal-incidence monochromators have covered this wavelength range ; a 1 m 
focal length Seya-Namioka, and a 5 m McPherson with superior resolution.  In the former instrument, the 
SR beam over-filled the entrance slit, so flux was lost.  In 2004 it was replaced by a 1 m Wadsworth 
monochromator giving a much-enhanced flux.  Since its design is novel, this monochromator is described 
in some detail below.  Then in this article are described four experiments from my research programme 
over the last decade using such sources.  They highlight specifically the versatility of SR in a region of 
the spectrum where readily tunable lasers do not exist, and, to my knowledge, could not have been 
performed with any other radiation source. 
 
 
A new Wadsworth monochromator for vacuum-UV science 
The Wadsworth configuration contains only one optical component, a concave diffraction grating, thus 
substantially reducing transmission losses.  It is a great simplification over the previously-installed Seya 
monochromator, where concave mirrors were positioned both before and after the entrance and exit slits.  
A further feature of the Wadsworth is that, unlike the Seya, it has no entrance slit, so this monochromator 
makes efficient use of the full horizontal aperture of the SR source.  The instrument operates in horizontal 
dispersion, so its resolution is limited by the horizontal electron beam size in the storage ring, FWHM 
(full width at half maximum) ca. 1.8 mm in the case of the Daresbury SRS, corresponding to a best 
resolution of ca. 0.05 nm.  This resolution would improve by a factor of ca. 5 on a smaller-fan, third-
generation source such as Diamond.  The scanning mechanism uses an off-axis pivot which makes an 
approximate correction for the changing focus of the grating for different wavelengths.  The length of the 
pivot arm can be varied externally to the vacuum, and different wavelength ranges can be covered without 
substantial loss in resolution.  The position of the exit slit, i.e. the grating to exit slit distance, GS (Figure 
1), can also be changed externally, allowing further optimisation of the resolution.  Two gratings are 
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mounted, interchangeable under vacuum, giving a wide range of wavelength coverage, currently ca. 40 – 
200 nm.  The monochromator is preceded by a water-cooled metal plane mirror, which deflects the 
incident radiation through 20° onto the diffraction grating.  The gratings scan about the pivot point which 
can be varied between P and P′.  The 4° offset shown minimises the change in direction of the output 
beam, ± 0.04°, as the grating moves.  A four-way cross fitted to the exit slit of the monochromator 
incorporates a retractable LiF window for rejection of higher orders when operating with λ > 105 nm, and 
a retractable Si photodiode for absolute flux measurements.  Absolute fluxes from the two gratings are 
better than 50% of the calculated values.1 Furthermore, the experimental fluxes are over two orders of 
magnitude greater than that available from the old Seya monochromator operating at the same resolution.  
The cross is attached to a post-monochromator mirror chamber, which contains an elliptical and a plane 
mirror, thereby focusing the exit slit with 1:1 demagnification at the centre of an exit flange.  A capillary 
light guide is mounted on the exit flange to deliver the light efficiently to the experimental sample.  
 
 
Vacuum-UV undispersed and dispersed fluorescence spectroscopy 
The vacuum-UV spectroscopy of PF3 using fluorescence excitation and dispersed emission techniques 
have been studied at the Daresbury and BESSY 1 SR sources.2 The apparatus for such experiments are 
shown in Figures 2 and 3.  The fluorescence excitation spectrum in the range 9-20 eV with an average 
resolution of ca. 0.015 eV (Figure 4a) shows transitions to the three lowest Rydberg states with resolved 
vibrational structure.  They are assigned to transitions to the (8a1)−14p, 5p and 6p Rydberg states of PF3, 
and fluorescence is due to valence transitions in the PF2⋅ free radical, 
 i.e.   PF3 + hν1 → PF3* ; PF3* → PF2⋅* + F ; PF2⋅* → PF2⋅ + hν2 
From a Franck-Condon analysis of the vibrational structure (Figure 4b), the FPF bond angle in PF3 is 
shown to increase by 14 ± 1o upon photoexcitation.  The bond angle of the Rydberg states of PF3 is 
therefore ca. 112 ± 1o, and these states, and the ground state of PF3+ to which they converge, retain 
pyramidal C3v symmetry.  The use of optical filters, not shown in Figure 4a, shows that at least three 
excited states of PF2⋅ are responsible for the emission.  Dispersed emission spectra in the UV/visible have 
been recorded at BESSY 1,2 and more recently at Daresbury (Figure 5) using a multi-channel CCD 
detector (Figure 3), giving detailed information on the electronic spectroscopy of the PF2⋅ radical.  This 
work remains the most comprehensive study of the electronic spectroscopy of the PF2⋅ free radical.  In 
part, this arises due to the clean method, vacuum-UV photodissociation of a stable precursor molecule, of 
generating the radical. 
 
 
Threshold photoelectron photoion coincidence spectroscopy : application to SF5CF3 
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A recent paper described the infrared absorption spectrum of a potent greenhouse gas, SF5CF3, and its 
detection in the earth’s atmosphere.3 This molecule is an adduct of the SF5⋅ and CF3⋅ free radicals, and its 
origin is anthropogenic.  Almost certainly, its source is the reaction of SF5⋅, a breakdown product of the 
dielectric SF6 in high voltage equipment, with CF3⋅ radicals on the surface of fluoropolymers.  Firn 
measurements made in Antarctica of air samples pumped out of consolidated snow suggested that the 
concentration of SF5CF3 at the end of the 20th century was still very small, ca. 0.12 parts per trillion or 3 
x 106 molecules cm-3, but it was growing at the huge rate of 6 % per annum.  As important, the strength of 
the infrared bands suggested that SF5CF3 has the strongest radiative forcing, per molecule, of any 
pollutant yet found in the earth’s atmosphere.  Small problems can become big problems in atmospheric 
chemistry, and this paper caused an explosion of interest world-wide to study the properties of this 
unusual molecule, especially those that affect its role in the earth’s atmosphere.  Chemists were 
particularly interested in the possible sink routes of this molecule from the atmosphere.  Could UV 
photolysis in the stratosphere (15-50 km), the principle cause of ozone depletion by chlorofluorocarbons, 
remove SF5CF3 ?  Or was the S−C σ bond strong enough that SF5CF3 survived in the stratosphere, and it 
was removed at greater altitudes by processes in the mesosphere ? 
 
Using tunable vacuum-UV radiation in the range 12-25 eV from the old Seya-Namioka monochromator 
at Daresbury, we measured the threshold photoelectron – photoion coincidence (TPEPICO) spectrum of 
SF5CF3, and determined indirectly the strength of the S−C bond in the neutral molecule.4 The apparatus 
(Figure 6) incorporates a threshold electron analyser, a linear time-of-flight mass spectrometer, a sodium 
salicylate window for flux normalisation, and software that allow TPEPICO spectra to be recorded 
continuously as a function of photon energy.  Like CF4+ and SF6+, the ground state of SF5CF3+ is 
repulsive in the Franck-Condon region along the S−C coordinate.  The onset of ionisation can therefore 
only give an upper limit to the energy of the first dissociative ionisation pathway of SF5CF3, to CF3+ + 
SF5⋅ + e−.  We have therefore determined the kinetic energy released into the two molecular fragments 
over a range of photon energies in the Franck-Condon region; the raw data for CF4  →  CF3+ + F⋅ + e− is 
shown as a 3-dimensional false colour map in Figure 7.  Using an impulsive model for photodissociation, 
the data for SF5CF3 has been analysed and extrapolated to zero kinetic energy.  In this way, we 
determined experimentally the first dissociative ionisation energy for SF5CF3 to be 12.9 ± 0.4 eV (Figure 
8).  Subtracting the adiabatic ionisation energy of the CF3⋅ radical, 9.04 ± 0.04 eV, we obtained 
Do0(SF5−CF3) of 3.86 ± 0.44 eV or 372 ± 42 kJ mol-1.5  The atmospheric significance of this value is that 
the S−C bond is strong, and it is highly unlikely that SF5CF3 will be broken down by UV photolysis (200-
400 nm) in the stratosphere.  Subsequent (non-synchrotron) experiments showed that low-energy electron 
attachment in the mesosphere is the predominant process that removes this molecule from the earth’s 
atmosphere.  Its lifetime, however, is determined primarily by the slow processes, such as convection and 
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diffusion, that transport this molecule up into the mesosphere.  The best estimate is that the lifetime of 
SF5CF3 is as long as ca. 1000 years.  We are stuck with this potential environmental problem for the 
foreseeable future! 
 
 
The role of long-range charge transfer in cation-molecule reactions: application to CHF3 
Fluoroform, CHF3, is a major industrial gas that is used as a feedgas in technological plasmas.  Charged 
species are prevalent in such plasmas, and we have studied the room temperature kinetics and products of 
small cations, with recombination energies (RE) spanning the range ca. 6-22 eV, reacting with CHF3 in a 
selected ion flow tube.6 An additional motivation for such studies was to understand the importance of 
long-range charge transfer in ion-molecule reactions.  We consider a cation (A+) reacting with a neutral 
molecule (BC), where BC has a permanent dipole moment.  Charge transfer can occur either at long range 
or at short range.  In the long-range mechanism, A+ and BC approach under the influence of their charge-
dipole interaction, until the A+-BC and A-BC+ potential energy curves cross.  An electron jump can then 
take place.  Two factors for rapid electron transfer are a non-zero energy resonance connecting BC to an 
electronic state of BC+ at the RE of A+, and the transferring electron comes from a molecular orbital of 
BC that is not shielded from the approaching cation.  The magnitude of the photoionisation Franck-
Condon factor for BC is probably not important in determining the efficiency of such a reaction.  We note 
that if this long-range charge transfer mechanism operates, then the branching ratios for fragmentation of 
(BC+)(*), where (*) donates the possibility of BC+ being in an excited electronic state, are expected to be 
independent of how this state is produced.  Hence, we would expect similar product branching ratios from 
the ion-molecule study and from a TPEPICO photoionisation study, assuming the photon energy in the 
latter experiment matches the RE of A+ in the former.   
 
If long-range charge transfer does not happen, A+ and BC move closer together, and distortion of the 
potential energy surface of interaction occurs.  Eventually, a curve crossing can occur through which 
charge transfer takes place.  This is called short-range charge transfer.  As an intermediate complex has 
formed, a chemical reaction, defined as the breaking and making of new bonds, may, in addition, compete 
with short-range charge transfer.  This means that it is unlikely that the product branching ratios from the 
ion-molecule and TPEPICO experiments will mimic each other.  Thus, a comparison of the fragmentation 
patterns from the selected ion flow tube and TPEPICO experiments, together with an analysis of the 
threshold photoelectron spectrum of BC at the energy of the RE of A+, may indicate which mechanism, 
be it long-range or short-range, is dominant for the reaction of each cation. 
 
The ionisation energy of CHF3 is 13.85 eV, so only those ion-molecule reactions with RE(ion) > 13.85 
eV need be considered.  Figure 9 shows a comparison of the branching ratios for the two experiments.  
 7 
The data suggest that long-range charge transfer probably occurs for the Ar+ and F+ atomic ions whose 
recombination energies lie above ca. 15 eV.  The data for N2+ (RE = 15.58 eV) and Ar+ (RE = 15.76 eV) 
are particularly surprising.  Despite only a small difference between their REs, the branching ratios from 
the two experiments in the selected ion flow tube are very different.  We are unable to explain this 
surprising result, other than state the obvious that N2+ is molecular whereas Ar+ is atomic.  Below 15 eV, 
agreement between the branching ratios for the two experiments is poor, and the mechanism must involve 
a combination of short-range charge transfer and chemical reactions involving a transition state 
intermediate.   
 
 
Conclusions and Acknowledgments 
In this article I have highlighted four areas of research where the use of tunable SR radiation in the 
vacuum-UV has led to important discoveries.  These studies have exploited the tunability of such sources, 
albeit at moderate resolution.  Other areas of research in gas-phase chemical physics use the polarisation 
properties of SR, and this is likely to be a growth area for research with the increasing availability of 
third-generation sources, with their ability to generate circularly polarised radiation.  Studies on the 
ionisation properties of chiral molecules, for example, are then possible.  Early results suggest that the 
measurement of photoelectron angular distributions using circularly polarised radiation could provide a 
sensitive, analytical sensor for the chiral form of such molecules.7 
 
I thank past and present members of my research group who have contributed enormously to my efforts 
over the last 10-15 years.  Financial support from the EPSRC and CCLRC research councils, the EU, and 
the British Council is also acknowledged. 
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Figure Captions 
 
Figure 1.    The new monochromator of Wadsworth design.  G – diffraction grating ; S – exit slit ; C – centre of entrance 
flange where collimating baffles are fitted ; O – vacuum chamber centre ; P – pivot point, movable between P and P’.  
(Reproduced by permission from Nucl. Instr. Methods B, (2005) 237, 656-665.) 
 
 
Figure 2.    Schematic of the apparatus used for undispersed fluorescence excitation spectroscopy at Daresbury.  (Reproduced 
by permission from J. Elec. Spec. Rel. Phen., (1999) 101-103, 101-107.) 
 
 
Figure 3.    Schematic of the dispersed fluorescence apparatus used both at the BessyI, Berlin and Daresbury SR sources.  At 
Daresbury, the dispersing secondary monochromator is replaced by a liquid-N2-cooled, multi-channel ccd detector.  
(Reproduced by permission from J. Elec. Spec. Rel. Phen., (1999) 101-103, 101-107.) 
 
 
Figure 4.    (a) Undispersed fluorescence excitation spectra of PF3 between 9 and 20 eV recorded at the Daresbury SRS with 
the 5m McPherson monochromator at a resolution of 0.1 nm, equivalent to a resolution of ca. 0.01 eV at 12 eV.  The effective 
range over which fluorescence is collected is 190-650 nm.  (b) Expansion of (a) between 9.2 and 12.7 eV.  The assignment of 
the transitions to ν2' levels of the (8a1)−15p Rydberg state of PF3 is shown.  A Franck-Condon analysis of the intensity 
distribution of these bands determine that the FPF bond angle increases by 14 ± 1o upon photoexcitation.  (Reproduced by 
permission from J. Chem. Phys., (1998) 108, 857-868.) 
 
 
Figure 5.    Dispersed spectra from PF3 photoexcited at 14.4 eV, recorded at Daresbury using the new Wadsworth 
monochromator and the cooled ccd detector.  Bands are due to electronic transitions in the PF2 free radical.  Assignments of 
the stronger bands are given in J. Chem. Phys., (1998) 108, 857-868. 
 
 
Figure 6.    Schematic of the coincidence apparatus used to record threshold photoelectron photoion coincidence spectra as a 
function of vacuum-UV photon energy at the Daresbury SRS. 
 
 
Figure 7.    False-colour 3-dimensional map of fragmentation of CF4 → CF3+ + F + e− between 66 and 80 nm (15.5 and 18.8 
eV).  Colour is shown on a logarithmic scale.  The width of the CF3+ signal, centred at 14.65 µs, for each wavelength channels 
is related to the translational kinetic energy release into the CF3+ and F fragments.  A similar figure was obtained for 
fragmentation of SF5CF3  →  CF3+ + SF5 + e− over the energy range of the Franck-Condon region of the electronic ground state 
of SF5CF3+. 
 
 
Figure 8.    (a) Mean total kinetic energy released in the reaction SF5CF3 + hν  →  CF3+ + SF5 + e− for photon energies in the 
range 13.3-15.5 eV.  A linear extrapolation to zero kinetic energy gives the first dissociative ionisation energy of SF5CF3 to be 
12.9 ± 0.4 eV.  We can then obtain values for the dissociation energy of the SF5−CF3 bond, 3.86 ± 0.45 eV, and the 0 K 
enthalpy of formation of SF5CF3, −1750 kJ mol-1.  (b) Threshold photoelectron spectrum (TPES) of SF5CF3 over the range 
12.8-15.6 eV.  (Reproduced by permission from J. Phys. Chem. A., 2001, 105, 8403-8412.) 
  
 
 
Figure 9.    Comparison of the branching ratios for products from the ion-molecule reactions of CHF3 with photoionisation 
branching ratios from threshold photoelectron photoion coincidence spectroscopy.  The half-filled symbols at 14.67 eV 
correspond to Kr+ in its excited 2P1/2 spin-orbit component. 
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flange where collimating baffles are fitted ; O – vacuum chamber centre ; P – pivot point, movable between P and P’.  
(Reproduced by permission from Nucl. Instr. Methods B, (2005) 237, 656-665.) 
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Figure 2.    Schematic of the apparatus used for undispersed fluorescence excitation spectroscopy at Daresbury.  (Reproduced 
by permission from J. Elec. Spec. Rel. Phen., (1999) 101-103, 101-107.) 
Quartz
Window
Monochromatised
Synchrotron
Radiation
Fluorescence
Signal
Flux
Signal
Sodium 
Salicylate
Window
Gas
In
Mirror
PUMPOptical
Filter
Holder
 11 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.    Schematic of the dispersed fluorescence apparatus used both at the BessyI, Berlin and Daresbury SR sources.  At 
Daresbury, the dispersing secondary monochromator is replaced by a liquid-N2-cooled, multi-channel ccd detector.  
(Reproduced by permission from J. Elec. Spec. Rel. Phen., (1999) 101-103, 101-107.) 
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Figure 4.    (a) Undispersed fluorescence excitation spectra of PF3 between 9 and 20 eV recorded at the Daresbury SRS with 
the 5m McPherson monochromator at a resolution of 0.1 nm, equivalent to a resolution of ca. 0.01 eV at 12 eV.  The effective 
range over which fluorescence is collected is 190-650 nm.  (b) Expansion of (a) between 9.2 and 12.7 eV.  The assignment of 
the transitions to ν2' levels of the (8a1)−15p Rydberg state of PF3 is shown.  A Franck-Condon analysis of the intensity 
distribution of these bands determine that the FPF bond angle increases by 14 ± 1o upon photoexcitation.  (Reproduced by 
permission from J. Chem. Phys., (1998) 108, 857-868.) 
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Figure 5.    Dispersed spectra from PF3 photoexcited at 14.4 eV, recorded at Daresbury using the new Wadsworth 
monochromator and the cooled ccd detector.  Bands are due to electronic transitions in the PF2 free radical.  Assignments of 
the stronger bands are given in J. Chem. Phys., (1998) 108, 857-868. 
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Figure 6.    Schematic of the coincidence apparatus used to record threshold photoelectron photoion coincidence spectra as a 
function of vacuum-UV photon energy at the Daresbury SRS. 
 15 
 
 
 
 
 
 
 
 
 
Time of flight / µs
W
av
el
en
gt
h
/n
m
14 15
70
80
66
1
8
64
512
 
 
 
 
 
 
 
 
 
Figure 7.    False-colour 3-dimensional map of fragmentation of CF4 → CF3+ + F + e− between 66 and 80 nm (15.5 and 18.8 
eV).  Colour is shown on a logarithmic scale.  The width of the CF3+ signal, centred at 14.65 µs, for each wavelength channels 
is related to the translational kinetic energy release into the CF3+ and F fragments.  A similar figure was obtained for 
fragmentation of SF5CF3  →  CF3+ + SF5 + e− over the energy range of the Franck-Condon region of the electronic ground state 
of SF5CF3+.
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Figure 8.    (a) Mean total kinetic energy released in the reaction SF5CF3 + hν  →  CF3+ + SF5 + e− for photon energies in the 
range 13.3-15.5 eV.  A linear extrapolation to zero kinetic energy gives the first dissociative ionisation energy of SF5CF3 to be 
12.9 ± 0.4 eV.  We can then obtain values for the dissociation energy of the SF5−CF3 bond, 3.86 ± 0.45 eV, and the 0 K 
enthalpy of formation of SF5CF3, −1750 kJ mol-1.  (b) Threshold photoelectron spectrum (TPES) of SF5CF3 over the range 
12.8-15.6 eV.  (Reproduced by permission from J. Phys. Chem. A., 2001, 105, 8403-8412.) 
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Figure 9.    Comparison of the branching ratios for products from the ion-molecule reactions of CHF3 with photoionisation 
branching ratios from threshold photoelectron photoion coincidence spectroscopy.  The half-filled symbols at 14.67 eV 
correspond to Kr+ in its excited 2P1/2 spin-orbit component. 
